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Mosquitoes are among the most prominent and medically important insects in the 
world, causing substantial public health concerns in many regions. Aedes spp. 
mosquitoes are arguably the most important invasive species in the United States and 
worldwide. Oviposition traps are typically baited with plant infusions that release a 
suite of volatile compounds that attract gravid female mosquitoes, but plant infusions 
require weekly maintenance and are difficult to standardize. The overall goal of my 
thesis was to evaluate the efficacy of Okoumal, a pro-fragrance compound, at 
attracting ovipositing gravid adult Aedes mosquitoes and act as a toxin to their larvae 
offspring using field and laboratory trials. My results indicate that although Okoumal 
is toxic to Aedes larvae, there is little evidence of it being an attractant to oviposition 
gravid female Ae. albopictus casting doubt of its use as a bait in mosquito 
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Chapter 1: General Introduction 
Mosquito-Borne Vector Diseases: A Public Health Concern 
Vector-borne diseases have had an overwhelming impact on public and 
animal health throughout history. According to the World Health Organization 
(WHO), 17% of infectious diseases are vector-borne, resulting in more than 700,000 
human deaths annually and can cause substantial economic impacts on livestock 
(WHO, 2017). Infectious disease vectors can circulate solely among animals, solely 
among humans, or from animals to humans (WHO, 2017). Mosquitoes are among the 
most prominent and medically important insect disease vectors around the world, 
causing substantial public health concerns in many regions. For example, malaria is a 
disease transmitted by mosquitoes in the genus Anopheles and is endemic in much of 
Sub-Saharan Africa (Miller et al., 2002).  
Due to limited medical capabilities and poor mosquito control, mosquito-
human contact and resultant malarial rates remain high in many areas of the world 
(Miller et al., 2002). It is estimated that there are over 200 million cases of malaria 
and nearly 500,000 malaria-related deaths worldwide, making malaria the most 
medically important mosquito-borne disease on earth (WHO, 2017). Malaria was 
endemic throughout the United States from the 1600s to the mid-1900s (Gubler et al., 
2001). Today, about 1700 cases of malaria are diagnosed each year in the United 
States, typically occurring in travelers returning from areas where malaria is 





Another important disease spread by mosquitoes is dengue, an arthropod-
borne virus (Family: Flaviviridae, genus: Flavivirus) native to Africa now vectored 
by numerous species in many places worldwide in the genus Aedes. In Southeast 
Asia, the Pacific, and the Americas, there are about 50 million reported cases of 
dengue infections each year (Guzman et al. 2010). Approximately 2-5 billion people 
live in areas where dengue is endemic (Guzman and Kouri, 2002). Dengue was 
thought to have been under control in the Americas after its principal vector, the 
invasive Aedes aegypti (L.) mosquito from Africa, was eliminated in the 1950s 
(Guzman et al., 2010). But since the 1980s, it has reemerged as a threat after the 
reinvasion and rapid spread of Aedes mosquitoes from Japan (Bouri et al., 2012).  
In addition to dengue and malaria outside their historical ranges, mosquito 
invasions have caused the emergence of other novel disease threats around the globe, 
including chikungunya, Zika, and the West Nile arboviruses that were previously 
poorly known. Chikungunya (Family: Togaviridae, genus: alphavirus) is spread by 
invasive Aedes mosquitoes in mainly tropical regions, and the first chikungunya-
related epidemic occurred during 1952-1953 in Tanzania (Pialoux et al., 2007). More 
recently, the chikungunya virus arrived in the Americas in 2013 (Flores and O’Neill, 
2018). Another emerging threat is Zika (Family: Flaviviridae, genus: flavivirus). Zika 
was first reported in Uganda in 1947, but recent outbreaks have occurred in 2015 and 
2016 where Aedes mosquitoes have invaded and long been established (Messina et 
al., 2016). Two counties in Florida reported 321 cases of Zika in 2016 (Likos et al., 
2016). Recent modeling deems Zika and chikungunya a threat to temperate regions in 





2017). In the Northeastern United States, the West Nile virus is the main novel 
disease threat (Mackenzie, 2004). The first reported cases of West Nile in the 
Western Hemisphere occurred in New York City in late 1999, where it was rapidly 
spread by Culex mosquitoes, which are native to Africa and Europe (Nash et al., 
2001). Currently, the West Nile Virus has spread to all continents except Antarctica 
(Weaver and Reisen, 2010). 
 
Important Invasive Aedes in America 
As non-native species spread into new areas, they often alter diseases by 
disrupting existing host-pathogen interactions or by introducing novel disease 
syndromes (Lounibos, 2002). Increasing anthropogenic changes, including 
globalization and the increase in commercial trade and travel, have increased the 
probability of non-native mosquitoes and their associated pathogenic agents to spread 
to more distant locations around the world (Kyle and Harris, 2008). Climate change 
and land-use modifications have further helped arriving non-native species establish 
and spread once they arrive in a new region (Tatem et al., 2006).  
Ae. aegypti and Aedes albopictus (Skuse) are arguably the most important 
invasive species in the United States and worldwide. Ae. aegypti, more commonly 
known as the yellow fever mosquito, is the primary vector of dengue, yellow fever, 
and chikungunya virus transmissions (Guzman and Kouri, 2002). Ae. aegypti is more 
anthropophilic than other mosquito species with more catholic feeding patterns, thus, 





first introduced to the Western Hemisphere during the 1800s since colonies were 
transported in water containers on ships (Reiter, 2001; Slosek, 1986). Ae. aegypti are 
commonly found in Asia, South America, and Africa (Nene et al., 2007). As of 2017, 
Ae. aegypti has been detected in 124 locations within California (Porse et al., 2018). 
Ae. aegypti utilize water-filled containers for their developmental stages (eggs, larvae, 
and pupae) (Reiter, 2001). Controlling Ae. aegypti can be difficult since it likes to be 
in close proximity to humans and readily locates open containers for its larvae 
(Gibbons and Vaughn, 2002). Ae. aegypti larvae and indoor adults are typically 
controlled by the use insecticides, however, they have developed a resistance to 
insecticides, making it difficult to control their populations (Vontas et al., 2012). 
The Asian tiger mosquito, Ae. albopictus, is native to Southeast Asia and has 
invaded Africa, Asia, and the Americas over the past 40 years (Gratz, 2004). Ae. 
albopictus was first detected in the continental United States in the mid-1980s and 
rapidly spread throughout the southeastern part of the United States (Benedict et al., 
2007). The species was most likely introduced to these areas via dormant eggs on 
tires transported by cargo ships during the early 20th century (Gratz, 2004). Ae. 
albopictus was discovered breeding in California in 2001 (Benedict et al., 2007). 
Today, Ae. albopictus is regularly found as far north as Connecticut, Philadelphia, 
and New York City. Surveillance of Ae. albopictus is important to better understand 
the breadth of the impact this species has had on public health outbreaks. Ae. 
albopictus is a known vector for at least 22 different arboviruses, most notably 
dengue, which deems a serious public health concern (Gratz, 2004). Ae. albopictus 





species and the species is also known to outcompete other mosquito species it 
interacts with (Juliano et al., 2002).  
Ae. aegypti has seen a widespread disappearance in the southeastern part of 
the United States due to being outcompeted by Ae. albopictus (Lounibos, 2002). 
When a species establishes in a new area, it typically interacts with native residents 
that are ecologically similar (Reiskind and Lounibos, 2013). This is what happened 
when Ae. albopictus first invaded Florida. During the 1980s in the southeastern part 
of the United States, Ae. albopictus were superior to Ae. aegypti larvae in resource 
competition, thus, displacing the latter (Lounibos et al., 2002). Studies have shown 
that Ae. albopictus outcompetes Ae. aegypti in resource competition, inhibits the 
hatching of Ae. aegypti eggs and have caused sterility in the yellow fever mosquito 
due to interspecific mating (Lounibos, 2002). In parts of North America, Central 
Africa, and Brazil, there are still some urban and suburban areas in which Ae. aegypti 
and Ae. albopictus coexist and share the same habitat; however, it is thought that 
eventually Ae. aegypti will be displaced by Ae. albopictus (Paupy et al., 2009).  
 
Mosquito Control and Surveillance 
With few vaccines available, minimizing human exposure to and managing 
their populations of vector species, including Ae. aegypti and Ae. albopictus, remain 
the primary methods for reducing their pestiferous and disease burdens. Accurate 
surveillance and trapping of focal vector species are fundamental to effective disease 
management. Mosquito monitoring is a vital part of an integrated mosquito 





transmission risks in space and time and inform public health and mosquito control 
intervention efforts (Juliano and Lounibos, 2005).  
Trapping host-seeking adult female mosquitoes is a common approach to 
monitor and surveil vector populations because it targets the life-stage of direct public 
health importance. However, adult trapping is typically labor intensive and expensive. 
Adult trapping requires using live humans, animals, or chemical (e.g, CO2, human 
pheromones) and physical (e.g., color contrasts) cues as bait, and mechanical, often 
motorized, methods of capturing lured individuals (Silver, 2008). Such methods are 
often beyond means of many mosquito management programs or restrict the 
distribution and intensity of trapping (Silver, 2008).  
In order to obtain the necessary nutrients necessary for egg production, 
females require a blood meal from a vertebrate host (Mullen & Durden, 2009; Takken 
et al., 2013). Females search for an attractant that helps induce oviposition when 
looking to lay eggs. This oviposition behavior occurs since the mosquito’s sensorial 
system is complex and consists of thermoreceptors, chemoreceptors, 
mechanoreceptors, and hygroreceptors (Navarro-Silva et al., 2009). This complex 
system can detect a wide breadth of volatile compounds that inform location of food, 
presence of mating partners, or sites suitable for oviposition (Luntz, 2003; Navarro-
Silva et al., 2009). Specialized setae known as olfactory and gustatory sensilla are 
connected to these receptors by neurons (Navarro-Silva et al., 2009). Olfactory 
sensilla occurs in pairs and can be found on the head, antennae palpus, and female 





When seeking out a blood meal, females have the potential to spread disease 
between their hosts, which deems surveillance of mosquitoes in the egg-laying stage 
important. An approach to monitor mosquito activity is to target gravid (i.e., egg-
laying) females by using oviposition traps that collect the female or her oviposited 
eggs. Ovitraps are often black cups with tapered sides that are filled with tap water 
and are generally left in the field for a week (Reiter et al., 1991). Typically, a coarse 
material, such as seed germination paper (e.g., Ritchie et al., 2003) or Masonite 
paddle (e.g., Leisnham and Juliano, 2009), is placed in each ovitrap to provide a 
surface onto which gravid females can oviposit and for those eggs to be easily 
collected by investigators.  
Ovitraps provide a cheap and simple tool that is easily replicable for 
surveilling many vector species (Silver, 2008). Comparing the number of eggs among 
systematically positioned ovitraps is often used as a convenient approach of relative 
mosquito activity in space and time and varying scales, including among landscapes, 
neighborhoods within cities, and among wet and dry seasons between weeks (Silver, 
2008). Another benefit of ovitrapping is that it may indicate areas of high oviposition 
activity where management efforts can focus on controlling immature stages (eggs, 
larvae) in nearby aquatic habitats. Immature mosquitoes are often easier and more 
efficient to control compared to adults since they are typically concentrated in 
discrete water bodies (Floore, 2006). Having knowledge of mosquito breeding sites 
and their oviposition behavior is a good method to both control and monitor these 





To improve collections, oviposition traps are usually baited with chemical 
cues that are attractive to ovipositing females. The most common bait used in 
oviposition traps is plant infusion water that provides complex combinations of 
organic materials, which have variable compositions (Clements, 1999; Silver, 2008). 
The organic volatiles that are produced in nutrient-rich habitats i.e., decaying plant 
material, cue female oviposition behavior and provide microbes on which larvae can 
feed, which is what females are seeking. Plant infusion water is usually made days 
before ovitraps are deployed in the field, involving seeping plant material (e.g., hay, 
leaf litter) in water, and then baiting a known amount in water-filled oviposition traps 
(Ponnusamy et al., 2010; Silver, 2008). Usually, oviposition activity (i.e., numbers of 
females ovipositing eggs) is monitored indirectly by enumerating numbers of 
oviposited eggs after ovitraps have been deployed by a specific length of time in the 
field. Ovitraps are usually retrieved within seven days to avoid egg hatching and 
development to adulthood (Silver, 2008).  
Some ovitraps are designed to also kill the visiting female and her eggs. These 
traps can use varied mechanical means, including adhesive surfaces (e.g., sticky trap, 
Kröckel et al., 2006), traps designed to prevent females from exiting after ovipositing 
(e.g., GAT traps, Ritchie et al., 2014), or motorized fans that blow females into a 
collection bag. With using sticky ovitraps, more information can be obtained about 
the number of egg-laying mosquito populations (Kröckel et al., 2006). Another such 
similar trap is the CDC autocidal gravid ovitrap (AGO). An AGO prevents mosquito 
eggs from hatching larvae by either chemical or mechanical means (Barrera et al., 





gravid females (Barrera et al., 2014). Because ovitraps are relatively easy to make, 
they provide a key tool in which to detect gravid female mosquito populations, even 
in low density populations (Silver, 2008).  
Despite their wide-use and advantages over other forms of mosquito 
surveillance, there are limitations to current ovitrapping approaches and technology. 
Using plant infusion water as a bait within traps can be logistically challenging when 
deploying large numbers of traps since plant infusion bait typically needs to be 
recharged on a weekly basis. Chemical and mechanical approaches to kill visiting 
females or their offspring (e.g., autocidal traps) usually add a considerable cost per 
ovitrap and require regular upkeep. There remains considerable scope to improve the 
effectiveness of ovitrapping approaches.  
Ovipositing Aedes are often attracted to aquatic development habitats by 
semiochemicals which are signaling chemicals that incite behavior in organisms 
(Kline, 2007). The use of semiochemicals in traps that rely on odors for mosquito 
control and surveillance is a relatively new and viable technique used by vector 
management programs (Wooding et al., 2020). There are over 100 semiochemicals 
identified as being effective mosquito attractants, but the implementation of these 
chemicals can be difficult since there is a variation in how different species of 
mosquitoes respond to odors and sometimes the semiochemicals need to be a 
complex blend of chemicals to be effective (Wooding et al., 2020).  
Volatiles, such as semiochemicals, need to come in contact with specialized 
olfactory receptors (ORs) in order to elicit mosquito behavior (Leal et al., 2013). 





chemosensory appendages on a mosquito’s head (Leal et al., 2013). ORs form ion 
channels with the coreceptor, Orco, which was first discovered in the fruit fly 
(Larsson et al., 2004; Choo et al., 2018). Semiochemicals are then activated by OR-
Orco complexes that signal a transmission to the brain that could lead to a behavioral 
response by the mosquito (Choo et al., 2017). Odorant-binding proteins (OBPs) 
solubilize, bind, and deliver odorant molecules to ORs and are involved in the first 
steps of odorant reception (Deng et al., 2013; Choo et al., 2018). The first insect OBP 
was discovered in Antheraea polyphemus, the giant moth, and the first mosquito OBP 
was found in the antennae of a female Culex quinquefasciatus (Vogt & Riddiford, 
1981; Deng et al., 2013). To date, 34 classic OBPs have been identified in Ae. 
aegypti, however, Ae. albopictus have few reported classic OBPs (Deng et al., 2013). 
Semiochemicals play an important role in vector management strategies, and these 
semiochemicals are typically discovered by using laboratory assays (Choo et al., 
2018).  
 
Integrated Pest Management at the Larval Stage 
Mosquito populations are largely regulated at the immature stage (e.g., 
mosquito larvae or mosquito pupae). Eliminating the number of water-filled 
containers (known as source reduction) that mosquitoes can utilize to breed and 
develop can greatly help manage Aedes mosquitoes. With source reduction, the 
general population needs to be educated on how to be effective in reducing habitats as 
well as be motivated to implement these practices (Dowling et al., 2013). Since the 





about source reduction is of the utmost importance in order to eliminate water 
containers (Fonseca et al., 2013). Many public schools in the United States provide 
educational programs to educate children on how their families can prevent mosquito 
proliferation at their homes (Rose, 2001). Source reduction can be difficult to manage 
and control for public health agencies since many of these artificial containers are 
found on private, residential property. This makes it difficult to manage whether or 
not residents are controlling and reducing the numbers of artificial or water filled 
containers on their properties. 
 Removing water-filled containers that could potentially host mosquito larvae 
is typically the first step in source reduction but if water in a container cannot be 
emptied or removed, larvicides are used (Marcombe et al., 2014). If an outbreak of a 
mosquito-borne disease occurs or if adult mosquitoes become a serious issue, 
insecticides, known as adulticides are used to target the adults (Marcombe et al., 
2014). Adulticides are typically applied at ultra-low volumes during the night-time 
when people are indoors to limit human exposures (Rose, 2001). Insecticide-based 
interferences have controlled invasive Aedes mosquitoes for quite some time, but the 
mosquitoes have started to develop a resistance to the current insecticides used 
(Vontas et al., 2012).  
 In addition to killing mosquitoes in their current ranges, repellents are 
commonly used as a way to avoid being bitten. The most common insect repellent is 
diethyltoluamide (DEET), which has been used globally since 1957 and is effective 
against many different species of mosquitoes (Fradin and Day, 2002). Mosquito 





controls or pesticides since it can raise human health and environmental concerns 
(Dowling et al., 2013). There remains a need to further investigate synthetic materials 
that can effectively control mosquitoes without compromising human or 
environmental health.  
 
Okoumal: A Pro-Fragrance Chemical Attractant 
The United States Department of Agriculture-Agricultural Research Service 
(USDA-ARS) has a long history of research on mosquito trapping methods and 
chemical attractants under the umbrella of its National Program 104: Medical, 
Veterinary, and Urban entomology (USDA-ARS 2019). Recently, the USDA-ARS 
has been exploring the potential of pro-fragrance compounds with core structures 
containing acetals and ketals of oxygenated sesquiterpenes at attracting Aedes 
mosquitoes. At least one study has shown that an example of these compounds can 
trigger the same neuron receptors in adult females as CO2 and preliminary data from 
laboratory trials have shown that examples of these compounds are as or more 
attractive to host-seeking females than CO2 (Tauxe et al., 2013).  
The USDA has recently patented a chemical compound called [2,4-Dimethyl-
2-(5,5,8,8-tetramethyl-6,7-dihydronaphthalen-2-yl)-1,3-dioxolane], commonly called 
Okoumal (Vigon; East Stroudsburg, PA), as an attractant to host-seeking female 
mosquitoes (USPTO, 2016). Okoumal is a synthetic chemical compound that has a 
woody and amber aroma (National Center for Biotechnology Information, 2020). 
Subsequent observations in the lab and in an initial field experiment have shown that 





also be effective in attracting ovipositing Aedes females (USPTO, 2016; Saunders and 
Leisnham, 2018). Pro-fragrance compounds, including Okoumal, are less volatile 
than many other fragrant attractants (e.g., CO2), which potentially makes this 
substance long-lasting and more field stable. Okoumal and its derivatives as mosquito 
attractants have been accepted as a patent and field trials as needed to further explore 
their use in field conditions.  
Okoumal, which is commercially available, is also a known toxin to aquatic 
organisms, making it a good candidate for being a toxin to mosquito larvae (NCBI, 
2020). Since Okoumal was an attractant to gravid females in preliminary field trials 
and it is a known toxin to aquatic organisms, it is a good candidate to be used in a 
“bait and kill” trap (Saunders & Leisnham, 2018; NCBI, 2020). For the “bait and kill” 
trap, a gravid female mosquito would be attracted to an oviposition trap baited with 
Okoumal where she would lay her eggs on a seed germination paper (Ong & Jaal, 
2015). Once the female’s eggs hatch into larvae in the Okoumal-baited traps, they 
would not survive due to the toxicity of Okoumal.  
 
Project Goals and Summary 
The overall goal of my thesis is to test the efficacy of Okoumal in oviposition 
traps that target Aedes mosquitoes. To address this goal, I will undertake two research 
questions that field test the attractancy of Okoumal to gravid adult Aedes females and 
its toxicity to their larval offspring. In Chapter 2, I will test the attractancy of 
Okoumal to adult females in a laboratory oviposition choice assay and test the 





survey. In Chapter 3, I will test the toxicity of Okoumal to newly hatched Aedes 
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Chapter 2: Investigating the Pro-Fragrance, Okoumal, as an 
Attractant to Gravid Female Mosquitoes Using Field and 
Laboratory Trials   
Abstract 
Mosquitoes are among the most medically important insects in the world, causing 
substantial public health concerns in many regions. Aedes spp. mosquitoes are 
arguably the most important invasive species in the United States and worldwide and 
can collectively vector a range of viruses, including West Nile, dengue, and Zika. 
Ovipositing Aedes are often attracted to aquatic development habitats by 
semiochemicals (signaling chemicals that incite behavior in organisms). Oviposition 
traps are typically baited with plant infusions that release a suite of volatile 
compounds that attract gravid female mosquitoes, but plant infusions require weekly 
maintenance and are difficult to standardize. Many past compounds that have been 
used to attract and trap mosquitoes are highly volatile under field conditions, making 
it difficult to achieve a slow release and sustain their efficacy over time. Recently, the 
USDA-ARS has been exploring the pro-fragrance compound, Okoumal to attract 
Aedes mosquitoes. The goal of this study was to evaluate the efficacy of Okoumal, at 
attracting ovipositing gravid adult Aedes mosquitoes using field and laboratory trials. 
Oviposition traps baited with varying doses of Okoumal were compared in a 
replicated Latin-square design in the field and an oviposition choice assay compared 
four Okoumal doses with control treatments in laboratory enclosures. Across all 





These results cast doubt on Okoumal’s use as a bait in mosquito surveillance and 
control. Future studies should investigate the efficacy of other pro-fragrance 
compounds at attracting gravid Aedes mosquitoes.  
 
Introduction 
Vector-borne diseases have had an overwhelming impact on public and 
animal health throughout history (World Health Organization, 2017). According to 
the World Health Organization, 17% of infectious diseases are vector-borne, resulting 
in more than 700,000 human deaths annually and substantial economic impacts on 
livestock (WHO, 2017). Infectious disease vectors can circulate among animals, 
among humans, or from animals to humans (WHO, 2017). Mosquitoes are among the 
most prominent and medically important insect disease vectors around the world, 
causing substantial public health concerns in many regions (Silver, 2008).  
A female mosquito typically requires a blood meal before she is able to lay 
eggs and this biting behavior is what transmits disease (Ariani et al., 2015). Typically, 
a blood meal from a host allows a mosquito to lay more eggs with higher viability 
rates (Ariani et al., 2015). In addition to biting hosts and moderating immediate 
disease transmission, female mosquitoes are fundamentally important in determining 
the growth of mosquito populations and resultant long-term disease dynamics. By 
selecting favorable oviposition sites where there are more resources and fewer 
predators, females can help their offspring survive and develop through to adulthood 





history trait under strong selection pressure and individual females are influenced by 
numerous environmental cues, such as rainfall rates, humidity, and temperature when 
choosing oviposition sites (Bentley & Day, 1989). In addition to environmental cues, 
ovipositing females are also influenced by chemical, visual, and olfactory cues 
associated with the container habitats they utilize (Bentley & Day, 1989).  
Aedes albopictus (Skuse), the Asian tiger mosquito, is the most common 
mosquito found in urban areas in the northeastern part of the United States (Moore, 
1999; Gratz, 2004). Native to Asia, Ae. albopictus has invaded numerous regions 
worldwide and was first detected in the continental United States in the mid-1980s 
when eggs and larvae were transported on tires on ships (Tatem, Hay, & Rogers, 
2006; Benedict et al., 2007). Ae. albopictus is adapted to extreme climates and 
environments, such as cold temperatures, by laying desiccation-resistant diapausing 
eggs that can survive droughts and cold winters which has helped in its spread and 
invasion (Paupy et al., 2009). Ae. albopictus is one of the most commonly studied 
container-breeding mosquito species because of its extensive spread and its major 
public health importance (Lounibos, 2002). Ae. albopictus mosquitoes are known to 
lay their eggs in artificial containers found in urban residential areas.  
In order to obtain the necessary nutrients necessary for egg production, 
females require a blood meal from a vertebrate host (Mullen & Durden, 2009; Takken 
et al., 2013). When looking to lay eggs, a female looks for an attractant that helps 
induce oviposition. This oviposition behavior occurs since the mosquito’s sensorial 
system is complex and consists of thermoreceptors, chemoreceptors, 





system can detect a wide breadth of volatile compounds that inform location of food, 
presence of mating partners, or sites suitable for oviposition (Luntz, 2003; Navarro-
Silva et al., 2009). Specialized setae known as olfactory and gustatory sensilla are 
connected to these receptors by neurons (Navarro-Silva et al., 2009). Olfactory 
sensilla occurs in pairs and can be found on the head, antennae palpus, and female 
ovipositors (Hallem et al., 2006; Navarro-Silva et al., 2009). 
When seeking out a blood meal, females have the potential to spread disease 
between their hosts, which deems surveillance of mosquitoes in the egg-laying stage 
important. An approach to monitor mosquito activity is to target gravid (i.e., egg-
laying or ovipositing) females by using oviposition traps that collect the female or her 
eggs. Ovitraps are often black cups with tapered sides that are filled with tap water 
and are left in the field for a week (Reiter et al., 1991). Typically, a coarse material, 
such as seed germination paper (e.g., Ritchie et al., 2003) or Masonite paddle (e.g., 
Leisnham and Juliano, 2009), is placed in each ovitrap to provide a surface onto 
which gravid females can oviposit and for those eggs to be easily collected by 
investigators.  
Ovitraps provide a cheap and simple tool that is easily replicable for 
monitoring many vector species (Silver, 2008). Oviposition traps are commonly 
baited with attractants to ovipositing females to improve collections. The most 
common bait is plant infusion water that provides complex combinations of organic 
materials, which have variable compositions (Clements, 1999). The organic volatiles 
that are produced in nutrient-rich habitats i.e., decaying plant material, cue female 





females are seeking. Plant infusion water is usually made days before ovitraps are 
deployed in the field, involving seeping plant material (e.g., hay, leaf litter) in water, 
and then baiting a known amount in water-filled oviposition traps (Silver, 2008; 
Ponnusamy et al., 2010).  
Ovipositing Aedes are often attracted to aquatic development habitats by 
semiochemicals which are signaling chemicals that incite behavior in organisms 
(Kline, 2007). The use of semiochemicals in traps that rely on odors for mosquito 
control and surveillance is a relatively new and viable technique used by vector 
management programs (Wooding et al., 2020). Mosquitoes have highly sophisticated 
olfactory systems that have hundreds of receptor proteins (Ray, 2015).There are over 
100 semiochemicals identified as being effective mosquito attractants, but the 
implementation of these chemicals can be difficult since there is a variation in how 
different species of mosquitoes respond to odors and sometimes the semiochemicals 
need to be a complex blend of chemicals to be effective (Wooding et al., 2020). 
Semiochemicals play an important role in vector management strategies, and these 
semiochemicals are typically discovered by using laboratory assays (Choo et al., 
2017).   
Usually, oviposition activity (i.e., numbers of females ovipositing eggs) is 
monitored indirectly by enumerating numbers of oviposited eggs after ovitraps have 
been deployed by a specific length of time in the field (Silver, 2008; Leisnham & 
Juliano, 2009). To avoid egg hatching and development to adulthood, ovitraps are 
usually retrieved within seven days (Silver, 2008). Despite their wide-use and 





ovitrapping approaches and technology. Using plant infusion water as a bait within 
traps can be logistically challenging when deploying large numbers of traps and plant 
infusion bait typically needs to be recharged on a weekly basis. Chemical and 
mechanical approaches to kill visiting females or their offspring (e.g., autocidal traps) 
usually add a considerable cost per ovitrap and require regular upkeep. There remains 
considerable scope to improve the effectiveness of ovitrapping approaches in order to 
effectively monitor and survey important Aedes mosquito vectors.  
Pro-fragrance compounds are compounds that emit fragrances in a volatile 
form when it undergoes one or more chemical transformations (Dykstra et al., 2009). 
This means that pro-fragrance compounds could potentially be used as an alternative 
to plant infusions. A few studies have shown that pro-fragrance compounds can 
trigger the same neuron receptors in adult females as CO2 and preliminary data from 
laboratory trials have shown that examples of these compounds are as or more 
attractive to host-seeking females than CO2 (Tauxe et al., 2013).  
The USDA has recently patented a chemical compound called [2,4-Dimethyl-
2-(5,5,8,8-tetramethyl-6,7-dihydronaphthalen-2-yl)-1,3-dioxolane], commonly called 
Okoumal, as an attractant to host-seeking female mosquitoes (USPTO, 2016). 
Okoumal has a core structure containing acetals and ketals of oxygenated 
sesquiterpenes, and it has shown to be an attractant to Aedes mosquitoes (USPTO, 
2016; Saunders & Leisnham, 2018). Okoumal is a chemical compound, with a woody 
aroma, that is commercially available and used in the fragrance industry. Pro-
fragrance compounds, such as Okoumal, can be less volatile than other fragrant 





In this chapter, I tested the effect of Okoumal on the oviposition of Ae. 
albopictus at two spatial scales in both a laboratory oviposition choice assay and 
dose-response field oviposition study. The laboratory choice assay explored whether 
Okoumal would attract a gravid female if she had a choice to oviposit in containers 
that were close together. In contrast, while the field experiment gave a female the 
choice between the Okoumal-baited ovitraps and other potential habitats in the area, it 
tested the effect of Okoumal at a much larger scale. In both the laboratory choice 
assay and the field study, oviposition activity was measured as the number of eggs 
laid by female mosquitoes. Number of eggs laid by the female was chosen to 
calculate oviposition behavior rather than the number of females or oviposition events 
since Aedes species are known to have skip oviposition behavior (Davis et al., 2015). 
Skip oviposition behavior occurs when a female chooses to lay her eggs in batches 
across different oviposition sites rather than laying all eggs in one location (Davis et 
al., 2015). By skip ovipositing, the female mosquito lessens the potential for the 
offspring to compete with each other for resources (Davis et al., 2015).  
The goal of this chapter was to test whether Okoumal is an effective attractant 
to gravid Aedes. I performed both field and laboratory tests since I wanted to see the 
impacts of Okoumal attractancy effects at two different spatial scales. By calculating 
oviposition activity, I was able to see whether a mosquito was laying more eggs in the 
control or treatment oviposition traps. This first step allowed me to analyze whether 





Materials & Methods 
Laboratory Oviposition Choice Assay Methods  
 Replicate trials were conducted using 30 cm3 enclosures (Fig. 1). Enclosures 
consisted of white polyester mesh netting (BioQuip Bug Dorm, Rancho Dominguez, 
California). For each trial, four enclosures were individually housed in four separate 
incubators to maintain independence. Each incubator was set at 25° C and 16:8 h 
light-dark cycle to mimic summer field conditions. Within each enclosure, two 
identical black oviposition cups were positioned in opposite corners. Each oviposition 
cup was filled with 400ml of rested tap water and lined with seed germination paper 
to provide a substrate on which female Ae. albopictus could oviposit eggs. One 
oviposition cup in each enclosure was randomly assigned as the treatment cup and 
received either a high (30 mg) or low dose (10 mg) of Okoumal. Doses were 
determined based on the range of those eliciting host-seeking feeding responses to Ae. 
aegypti mosquitoes in a prior enclosed laboratory experiment (USPTO, 2016). For 
each treatment cup, Okoumal was pipetted onto a 20 mm disk filter paper and paper-
clipped to the cup side facing outward. The other oviposition cup in each of the four 
enclosures was assigned as the control oviposition cup and received a filter paper disk 
without the Okoumal dose. Two of the four enclosures in each trial were randomly 
assigned to have treatment cups with high doses while the other two enclosures 
received treatment cups with low doses.  
Adult female Ae. albopictus in the laboratory assay were from F1-2 colonies at 
the University of Maryland that had been established from field populations in 





the trial and each enclosure received one blood-fed individual. One blood-fed female 
was released into a cage rather than a cohort so that female oviposition behavior 
would not be influenced by that of other females. Ae. albopictus mosquitoes prefer to 
lay eggs in containers with high conspecific larvae since the presence of larvae may 
indicate reliable food sources (Shragai et al., 2019). After 7 days, oviposition cups 
were retrieved from the cages and egg papers were stored under humid conditions for 
five days to ensure embryonation until they were hatched. Egg hatching was 
stimulated by flooding papers in a nutrient broth solution made with lactalbumin. 
Numbers of viable eggs (after hatching) on egg papers were counted and recorded 
rather than female visitations since Ae. albopictus are known to have skip oviposition 
behavior (Davis et al., 2015). Four replicate trials were conducted (i.e., blocks) over 
four weeks. For each trial, new oviposition cups were used, and all enclosures were 
cleaned with non-scented cleaner to ensure no Okoumal contamination among trials. 
High and low doses were rotated around each enclosure between trials to prevent 
confounding Okoumal dose with enclosure and incubator set up. 
Because preliminary analyses indicated little attractancy to Okoumal on Ae. 
albopictus (see Results), we repeated the assay using a lower pair of Okoumal doses 
(1 mg and 3 mg) along a range that had shown attractancy to host-seeking females in 
prior laboratory trials (USPTO, 2016). The procedures for this repeated assay were 
the same as the first assay with higher Okoumal doses, except that Okoumal was 
mixed in an acetone solution to more accurately deliver the compound at the smaller 





oviposition-choice assays both compared two doses with controls (no Okoumal) 
across four replicate blocks.  
 
Dose-Response Oviposition Field Study  
A dose-response oviposition field study was conducted along the Paint Branch 
River in College Park, Maryland, USA (lat.: 38.99, lon.: -76.94) known to have 
populations of Ae. albopictus (Saunders & Leisnham, 2018). The study was 
conducted in summer (June-August) 2019, during peak Ae. albopictus activity in the 
region (Dowling et al., 2013). The study was conducted using oviposition traps 
consisting of standard 600 ml black plastic cups. For this study, Okoumal was 
delivered via pad lures, a synthetic inert lure produced from dental cotton rack and 
polytube by the Invasive Insect Biocontrol & Behavior Laboratory at the USDA 
Beltsville Agricultural Research Center (Fig. 2; Verhulst et al., 2016). Pad lures were 
placed in holed 15ml tubes and fixed on the outer perimeter of the oviposition cup 
with a rubber band. A 4x4 Latin square (Okoumal doses: 0 mg, 300 mg, 600 mg, and 
900 mg) was randomly established and replicated across five sites. At each site, four 
oviposition traps were secured in at ground level and sheltered from direct sunlight 
and wind, which are conditions favorable for Ae. albopictus (Fig 3; Silver, 2008).  
Traps were > 50 meters apart at each site, and sites were at least 150 meters 
apart to maintain spatial independence. Ae. albopictus are known to be poor flyers 
and can disperse as far as a few hundred meters from their breeding site but usually 





each site, Okoumal treatment doses were randomly assigned to traps. Traps were 
serviced and Okoumal lures rotated every 7 days over a four-week sampling period 
for a total of 20 replicates per treatment dose (5 blocks x 4 weeks) and 80 total 
observations (5 x 4 x 4 treatment doses). During trap servicing, the contents of each 
experimental cup, including seed paper and any prematurely hatched larvae, were 
taken to the laboratory for processing. A new experimental cup was inserted into each 
holder cup, and the rotated Okoumal lure was fastened to the holder cup. 
In the laboratory, seed germination papers were stored under humid 
conditions for five days to ensure egg embryonation, after which time they were 
flooded in a nutrient broth solution (lactalbumin powder: diluted 1:10 with distilled 
water) to hatch eggs. Collected and hatched larvae were raised using ideal conditions 
until they developed to late (3rd or 4th) instars where they were counted and 




Laboratory Oviposition Choice Assay Statistical Analysis 
The oviposition activity index (OAI) was calculated to evaluate the response 
of gravid females to Okoumal (Ponnusamy et al., 2010). The OAI standardizes data 
by converting the number of eggs laid in the treatment cup to a proportion after 
correcting for the number of eggs laid in the control cup (Ponnusamy et al., 2010). 










where Nt is the number of eggs laid in the treatment cup and Nc is the number of eggs 
laid in the control cup. For each female, an OAI greater than 0 indicates she 
oviposited more eggs in the treatment cup whereas an OAI less than 0 indicates she 
oviposited more eggs in the control cup (Ponnusamy et al., 2010). Wilcoxon Signed 
Rank Tests were used to test the hypothesis that the median OAI was significantly 
different than 0 for each dose. Kruskal-Wallis tests were used to test whether there 
was a difference in number of eggs laid in treatment cups between high and low dose 
conditions. All analyses were conducted using the JMP statistical program (JMP, 
15.0. SAS Institute Inc., Cary, NC). For all analyses, experiment-wise α = 0.05.  
 
Dose-Response Oviposition Field Study Statistical Analysis 
 
The effects of treatment (Okoumal dose) was tested on the numbers of Ae. 
albopictus viable (hatched) eggs using a generalized linear model (negative binomial) 
mixed model. Week, site, and trap location nested in site were included as random 
factors. Generalized linear mixed models with the same structure were also used to 
test the relationships of Okoumal on Ae. japonicus and Ae. triseriatus that were also 
collected but because these species were only collected in a small proportion of traps 
(see Results), a binomial link function was used to test the occurrence of oviposition. 
All analyses were conducted using the PROC GLIMMIX procedure on SAS 
statistical analysis software (SAS Institute 9.4, Cary, NC). For all analyses, 







Laboratory Oviposition Choice Assay  
 The OAI did not differ from 0 under any of the doses across both oviposition 
choice assays (W-values= -11.0-6.0, p-values= 0.1406-1.000; Fig. 4; Fig. 5), 
indicating no oviposition preference between treatment and control cups. There were 
also no differences in the percentage of eggs oviposited between higher and lower 
doses for either assay (z=0, p=1 and z=-0.64, p=0.5203, respectively; Figs. 4- 5). 
 
Dose-Response Oviposition Field Study  
A total of 3,057 mosquitoes were collected across the four trapping weeks, 
consisting primarily of 2,596 (85.0%) Ae. albopictus, 226 (7.4%) Ae. japonicus, and 
232 (7.6%) Ae. triseriatus. Out of the 80 total observations, 77 contained Ae. 
albopictus, while 18 and 20 contained Ae. japonicus and Ae. triseriatus, respectively. 
There was no relationship between Okoumal dose on abundances of total mosquitoes 
(F3,54=1.67, p=0.1835) (Fig. 6) or Ae. albopictus (F3,54=1.21, p=0.3159) (Fig. 7). Nor 
were there any relationships of Okoumal on likelihood of Ae. japonicus (F3,54=1.67, 
p=0.1869) and Ae. triseriatus (F3,54=2.15, p=0.1044) oviposition.  
 
Discussion and Conclusions 
The choice of an oviposition site by adult female mosquitoes is under strong 





olfactory cues to find favorable conditions (Navarro-Silva et al., 2009). Mosquito 
attractants have been used to manage mosquito populations by attracting adult 
females and subsequently trapping them or their offspring (Okumu et al., 2010; 
Andersen & Davis, 2014; Wooding et al., 2020). Preliminary studies have shown that 
the chemical compound Okoumal might be an attractant to both host-seeking and 
gravid Aedes females (USPTO, 2016; Saunders & Leisnham, 2018). The main goal of 
this chapter was to build on these preliminary studies and test Okoumal more 
rigorously using both field and laboratory trials. In this chapter, I investigated the 
attractancy of Okoumal to gravid Ae. albopictus females at two different spatial 
scales in both a laboratory oviposition choice assay and a dose-response field study 
but found little evidence that oviposition activity increased compared to control 
treatments. 
It is often unclear at what distance a chemical compound might have 
semiochemical effects on a mosquito species (Wooding et al., 2020). Because of this, 
studies are often conducted at varying spatial scales. Laboratory-based oviposition 
choice studies are a cost-effective approach to test the effects of chemical compounds 
on adult females seeking a habitat to lay eggs (Ponnusamy et al., 2010). In this study, 
a laboratory choice assay explored whether Okoumal would attract gravid females 
that were given a choice to oviposit in containers that were close together, with doses 
ranging from 1 to 30 mg. This range of doses is similar to those that had been found 
to have been attractive to Ae. albopictus in a preliminary oviposition field study, 
which observed the greatest response at 50 mg among traps that were set 10 m apart 





Saunders and Leisnham (2018) compared varying doses of Okoumal made 
from serial dilutions with deionized water over only one week in September, which is 
at the end of the summer period when mosquitoes are active. Saunders and Leisnham 
(2018) conducted their study when female mosquitoes were more likely seeking 
overwintering sites and laying diapause eggs (Roiz et al., 2011; Caminade et al., 
2012). This could explain differences since my study was conducted under typical 
summer conditions (June-August). Once a female locates a potential oviposition site, 
she uses physical and chemical cues to evaluate water quality (Albeny-Simoes et al., 
2014; Day, 2016; Segev et al., 2017). Thus, by adding Okoumal dilutions directly to 
water in an oviposition trap, Okoumal could have a chemotactile effect on egg-laying 
behavior. However, this is unlikely given that Ae. albopictus, like all Aedes 
mosquitoes, oviposit eggs on the sides of containers and rarely contacts the water 
surface when ovipositing (Silver, 2008). Further, Okoumal is hydrophobic and 
therefore its direct addition to traps through serial dilutions is likely to affect the 
consistency of its effect. The oviposition choice assay in this study used lures on the 
side of oviposition traps that could more easily be standardized and thus represented a 
more rigorous small-scale test of Okoumal attractancy to Ae. albopictus than 
Saunders and Leisnham (2008).  
Perhaps the most compelling preliminary data demonstrating a semiochemical 
effect of Okoumal were from laboratory trials conducted by the Invasive Insect 
Biocontrol and Behavior Laboratory at USDA-ARS on Ae. aegypti (USPTO, 2016). 
In this study, the likelihood of host-seeking Ae. aegypti to take a blood meal were 





similar effects of Okoumal on oviposition behavior in my choice assay here. First, the 
laboratory trials on Ae. aegypti used an experimental apparatus (i.e., Klun & Debboun 
(K&D) module, Klun & Debboun, 2000) to expose replicated cohorts of host-seeking 
Ae. aegypti to varying doses of just-treated Okoumal cloth strips placed over collagen 
membrane strips covering blood meals. Mosquito cohorts were either housed in 20 
cm3 enclosures directly in touch with the blood meal or in a wind tunnel that used 
human breath to attract them to the blood source. These experimental conditions were 
more likely to test Okoumal’s efficacy as a stimulant to elicit the desired female 
behavior of taking a meal from a present blood source (USPTO, 2016). In contrast, 
for the choice assays in this study, I exposed free flying adult females to Okoumal 
versus control treatments to test the ability of Okoumal to attract gravid mosquitoes.  
The second reason why I did not see similar semiochemical effects of 
Okoumal might be because I used Ae. albopictus instead of Ae. aegypti. Ae. 
albopictus and Ae. aegypti utilize similar container habitats in the field, frequently 
cooccur across numerous conditions in the field, and are generally considered 
ecologically similar urban mosquito species (Sharma et al., 2008). Prior laboratory 
studies have shown Ae. albopictus and Ae. aegypti to be attracted to similar 
semiochemicals that elicit oviposition, such as p-Cresol, which is a derivative of 
phenol (Wooding et al., 2020). Nevertheless, there may be key differences in the 
responses of each species to Okoumal that explain the lack of an effect of Okoumal 
on Ae. albopictus behavior in my assay compared to the positive effect of Okoumal 
observed on Ae. aegypti. Third, I used number of viable eggs laid in order to evaluate 





site, it says little about the attractants that result in oviposition at one site and act as a 
repellent or deterrent that prevented another oviposition site (Day, 2016). 
For the field oviposition study, I used much greater doses of Okoumal (300-
900 mg), to test the attractancy of Okoumal over a larger spatial scale that mimics the 
typical set-up of oviposition traps in the field which seek to attract mosquitoes away 
from surrounding habitat. Studies have shown that some sites such as water-filled 
artificial containers, tree holes, and flooded ditches can be detected by a female’s 
olfactory signals of up to several meters when females are in flight looking to lay 
eggs (Day, 2016). As with the oviposition choice assay, I found no evidence of 
Okoumal attractancy to Ae. albopictus or co-occurring species, Ae. japonicus and Ae. 
triseriatus in the field oviposition study.  
The lack of attractancy of Okoumal in both the choice assay and field 
experiment is likely underpinned by the interaction of the compound with the 
olfactory physiology of Ae. albopictus. Volatiles, such as semiochemicals, need to 
come in contact with specialized olfactory receptors (ORs) in order to elicit mosquito 
behavior (Leal et al., 2013; Wooding et al., 2020). Mosquitoes use olfactory receptor 
neurons (ORN) to detect attractants (Leal et al., 2013; Choo et al., 2018). The lack of 
attractancy could be that there was not enough Okoumal compound triggering the 
ORN or there could have been too much compound triggering receptors leading to 
disorientation and this may have offset any attractancy of the compound experienced 
when the mosquito was further away (Leal et al., 2013). In addition, maybe there was 
too much Okoumal triggering the ORN that elicited a repellency effect and offset 





It is also possible that Okoumal may repel mosquito oviposition at higher 
doses and have little effect at lower doses. In the laboratory oviposition assay, there 
seemed to be an apparent trend of decreasing OAI with increasing dose, possibly 
indicating a repellency effect of Okoumal at higher doses (Pearson correlation:  
r = -0.37, p=0.0699). The correlation between dose and OAI was likely nonsignificant 
due to a low sample size. Some studies have shown that spatial repellents and 
repellent-treated can impair and deter mosquito oviposition behavior (Bibbs & 
Kaufman, 2017). Over short distances some semiochemicals may act as stimulants or 
deterrents but over long distances, they may act as repellents or attractants (Cameron 
& Lorenz, 2013). In addition to repellents, mosquitoes also become disoriented by 
pyrethroid volatiles (Bibbs & Kaufman, 2017). Our findings are consistent with those 
in other studies that have found weaker or opposite effects of compounds at higher 
doses (Hao et al., 2013; Ong & Jaal, 2015). For example, one study has found that 
caproic acid, a known mosquito oviposition pheromone, attracted more gravid 
mosquitoes at 1 ppm (OAI= 0.32) compared to the control and the higher treatment 
dose of 100 ppm (OAI= 0.09) (Ong & Jaal, 2015). The specific biological 
mechanisms for weak attractancy or repellency of insects to compounds at higher 
doses is poorly understood but is thought to be related to an oversaturation of 
chemoreceptors resulting in a threshold effect (Hao et al., 2013).  
Another study tested the effectiveness of the synthetic pheromone erythron-6-
acetoxy-5-hexadecanolide as an attractant to Culex quinquefasciatus and found it was 
an attractant at most doses (Barbosa et al., 2007). However, at the highest dose of 





effect (Barbosa et al., 2007). Barbosa et al. (2007) believes the repellency effect at the 
highest dose occurred because the high pheromone might signal to the female that it 
is not a viable oviposition location since there might be possible resource competition 
with larvae already present in the area. It is possible, however, if I had used higher or 
lower doses, we may have seen different effects. Carbon dioxide is a commonly used 
compound to attract host-seeking female mosquitoes. One study conducted by 
Takken and Kline (1989) found that even when CO2 concentrations were increased 
from 200 to 1,000 cc/min., there was not a significant increase in the numbers of 
mosquitoes that were trapped.  
To our understanding, this is the first study to rigorously test the effects of 
Okoumal as an attractant to gravid Aedes females. Okoumal is one of many pro-
fragrance compounds available. For example, the chemical compounds Versalide and 
Phantolide have similar molecular weights and chemical structures to Okoumal and 
could be tested to see whether it is an attractant to female mosquitoes (National 
Center for Biotechnology Information, 2020). In addition to testing other synthetic 
chemicals similar to Okoumal, future studies should look at investigating other 
species of mosquitoes. In the oviposition field study, I was also able to test the 
responses of Ae. triseriatus and Ae. japonicus in addition to Ae. albopictus, but these 
species were in relatively low abundance and I was restricted to exploring only 
modeling the likelihood of an oviposition event. 
The use of oviposition attractants can enhance the ability of ovitraps to detect 
mosquito populations and can help reduce and control localized populations of 





female mosquitoes and when applied properly, could help aid in mosquito control and 
surveillance. Semiochemicals could be used as a tool in trapping methods to better 
detect mosquito populations and capture target mosquito species. Okoumal is known 
to be toxic to aquatic organisms but its toxicity has yet to be tested in addition to its 
attractancy in water (NCBI, 2020). As a first step, I tested Okoumal’s attractancy out 
of water but did not find significant results. There is still a need to find an attractant 







List of Figures 
1. Figure 1: 30 cm3 enclosures used in laboratory dose-response trials. 
Enclosures were housed in an incubator and had two oviposition cups (a 
control and treatment cup) in the corners of the enclosures. Filter papers were 
paper clipped to the outside of oviposition cups.  
2. Figure 2: Okoumal cotton pad lures used for the field oviposition study. 
Okoumal cotton pads were placed inside 15ml holed tubes.  
3. Figure 3: Black oviposition traps lined with seed germination paper and 
Okoumal lures rubber banded on outside of trap used in summer (June-
August) 2019 field trials in an urban forested area. 
4. Figure 4: Percentage of eggs laid in control versus treatment (10 and 30 mg 
of Okoumal) oviposition cups for Trial 1 including OAI values.  
5. Figure 5: Percentage of eggs laid in control versus treatment (1 and 3 mg of 
Okoumal) oviposition cups for Trial 2 including OAI values.  
6. Figure 6: Least square means ± standard error for total mosquito eggs 
collected based on Okoumal dose in summer (June-August) 2019 field trials 
in an urban forested area. 
7. Figure 7: Least square means ± standard error for Ae. albopictus eggs 
collected based on Okoumal dose in summer (June-August) 2019 field trials 
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Chapter 3: Testing the Potential of the Pro-Fragrance 
Compound, Okoumal, as a Toxin to Aedes aegypti Larvae Using 




Mosquitoes are among the most prominent and medically important insects in the 
world, causing substantial public health concerns in many regions. Aedes spp. 
mosquitoes are arguably the most important invasive species in the United States and 
worldwide and can collectively vector a range of viruses, including West Nile, 
dengue, and Zika. The most common approach to reduce numbers of mosquito larvae 
has been through the reduction of aquatic habitat or the use of larvicides. However, 
habitat reduction and larviciding can be difficult to implement for mosquito control 
agencies. Recently, the United States Department of Agriculture-Agricultural 
Research Service (USDA-ARS) has been exploring the potential of various pro-
fragrance compounds, such as Okoumal, to attract Aedes females and kill their 
offspring larvae. The overall objective of this study was to evaluate the efficacy of 
Okoumal to act as a toxin to Aedes larvae. I conducted dose-response trials to test the 
efficacy of Okoumal as a toxin to Ae. aegypti larvae and found that higher Okoumal 
concentrations resulted in lower Ae. aegypti per capita rate of population change and 
survival, and longer development times. Okoumal’s negative effects on Ae. aegypti 
were reduced when larvae were exposed to applications that had been sitting in 





Aedes mosquito larvae and negatively affects the population performance of the 
species, but that its negative effects may be reduced two weeks after application. 
 
Introduction 
Vector-borne diseases have had an overwhelming impact on public and 
animal health throughout history. According to the World Health Organization 
(WHO), 17% of infectious diseases are vector-borne, resulting in more than 700,000 
human deaths annually and substantial economic impacts on livestock (WHO 2017). 
Infectious disease vectors can circulate solely among animals, solely among humans, 
or from animals to humans (WHO 2017). Mosquitoes are among the most prominent 
and medically important insect disease vectors around the world, causing substantial 
public health concerns in many regions.  
 The processes that occur at developmental (eggs, larval) life stages of 
mosquitoes can predict the distribution and abundances of adult mosquitoes (Juliano, 
2009). Larval densities in developmental habitats, such as artificial water-filled 
containers, are influenced by many biotic and physical factors, such as temperature, 
environmental toxins, predation, and resource competition (Clements, 1999). Almost 
all literature on how mosquitoes respond to environmental toxins is focused on 
commercial or chemicals that are easily obtainable to act as insecticides or larvicides 
to control for vector mosquito species (Floore, 2006).  
Aedes aegypti (L), more commonly known as the yellow fever mosquito, is 
the primary vector of dengue, yellow fever, and chikungunya virus transmissions 





species with more catholic feeding patterns, thus, posing a higher risk of spreading 
disease (McMeniman et al., 2009). Ae. aegypti was first introduced to the Western 
Hemisphere on cargo ships in the 1800s (Reiter 2001; Slosek 1986). Ae. aegypti are 
commonly found in Asia, South America, and Africa (Nene et al., 2007). Ae. aegypti 
utilize water-filled containers for their developmental stages (eggs, larvae, and pupae) 
(Reiter 2001). Controlling Ae. aegypti can be difficult due to its liking of being close 
to humans as well as how Ae. aegypti readily locates open containers for its larvae 
(Gibbons and Vaughn 2002). Ae. aegypti larvae and indoor adults are typically 
controlled by insecticides, however, they have developed a resistance to insecticides, 
making it difficult to control their populations (Vontas et al., 2012). 
 Mosquito populations are largely regulated at the immature stage (e.g., 
mosquito larvae or mosquito pupae). Eliminating the number of water-filled 
containers (known as source reduction) that mosquitoes can utilize to breed and 
develop can greatly help manage Ae. aegypti. With source reduction, the general 
population needs to be educated on how to be effective in reducing habitats as well as 
be motivated to implement these practices (Dowling et al., 2013). Since the primary 
source of Ae. aegypti containers are in residential homes, education about source 
reduction is of the utmost importance in order to eliminate water containers (Fonseca 
et al., 2013). The World Health Organization (WHO) recommends source reduction 
to control urban mosquito vector species since it can be a cost-effective approach 
(WHO, 1997). Source reduction can be difficult to manage and control for public 
health agencies since many of these artificial containers are found on private, 





controlling and reducing the numbers of artificial or water filled containers on their 
properties.  
Removing water-filled containers that could potentially host mosquito larvae 
is typically the first step in source reduction but if water in a container cannot be 
emptied or removed, larvicides are used (Marcombe et al., 2014). Organophosphates 
such as temephos (a chemical compound that has a low toxicity level to mammals) or 
bacterial toxins, such as Bacillus thurungiensis var. israelensis (Bti), can easily be 
deployed into mosquito breeding sites, targeting mosquito larvae to kill them (Vontas 
et al., 2012). Insecticide-based interferences have controlled invasive Aedes 
mosquitoes for quite some time, but the mosquitoes have started to develop a 
resistance to the current insecticides used, so there is a need to investigate other 
chemicals that could potentially be toxicants to mosquito larvae (Vontas et al., 2012).  
Mosquito control and surveillance can be controversial, especially when it 
uses biological controls or larvicides since it can raise human health and 
environmental concerns (Dowling et al., 2013). With globalization and urbanization 
occurring at a rapid pace, invasive mosquito species are more readily able to spread 
into new areas and cause prolific vector-borne disease cases worldwide, and effective 
management and control strategies need to be employed to better eradicate this insect 
since they are of public health concern. The USDA has recently patented a chemical 
compound called [2,4-Dimethyl-2-(5,5,8,8-tetramethyl-6,7-dihydronaphthalen-2-yl)-
1,3-dioxolane], commonly called Okoumal, as a mosquito attractant (USPTO, 2016). 
Okoumal has a core structure containing acetals and ketals of oxygenated 





in laboratory trials and an attractant to gravid females in field trials (USPTO, 2016; 
Saunders & Leisnham, 2018). Okoumal is a chemical compound that is commercially 
available. It is used in the fragrance industry and has a woody aroma.  
 In this study, the effects of Okoumal on the survival and development of Ae. 
aegypti was examined using controlled laboratory dose-response study. Okoumal, a 
pro-fragrance compound, is known to be toxic to aquatic organisms (National Center 
for Biotechnology Information, 2020). In this study, we will examine the effects of 
Okoumal and investigate the per capita rate of population change (r, Goldberg & 
Fleetwood, 1987). By calculating the finite rate of population change (λ’), the 
population performance of mosquito populations can be estimated from laboratory 
experiments. λ is a composite measure of population performance that incorporates 
survivorship, development time, and fecundity, and is superior to only looking at 
survivorship when determining population-level effects of environmental conditions 
on species (Livdahl and Sugihara, 1984).  
 Calculating λ’ helps account for nonlinear interactions between different 
fitness parameters and is a more biologically sound measure of population 
performance (Leisnham and Juliano, 2009). Prior studies that investigated λ’ 
produced different conclusions for survival and λ’ of a species, highlighting the 
importance of calculating λ’ for this study (Livdahl and Sugihara, 1984; Leisnham 
and Juliano, 2009). Experiments that consider only individual fitness parameters yield 
limited inference about population performance (Kesavaraju et al., 2014). By 





ecology. This toxicity experiment was the first step needed in order to test the 
efficacy of Okoumal as being a mosquito larval toxin.  
 
Materials & Methods 
Laboratory-based dose-response experiments were performed to test the effect 
of Okoumal on important fitness parameters and overall population performance on 
Ae. aegypti larvae. Standardized 10x5x5 mm cubic teak woodchips (Fig. 1; 
Chemveda, Hyderabad, India) were chosen as a substrate to deploy Okoumal, 
following prior studies that have used similar materials in attractive lures for 
mosquitoes and is also a natural carrier material (Rapley et al., 2009). Treated 
woodchips were prepared by the Invasive Insect Biocontrol and Behavior Laboratory 
at USDA-ARS in Beltsville, Maryland. They were treated by soaking teak woodchips 
in an Okoumal: hexane solution of known concentration to saturation, and then 
exposed to slow evaporation to yield a substrate whose Okoumal concentration could 
be easily manipulated, easily stored, and straightforwardly deployed in the field.  
Treated woodchips were prepared to have an Okoumal concentration of 200 
mg Okoumal per 1 g woodchips, which will allow expected high doses from a 
reasonable number of woodchips. In each single-species experiment, a total of 78 800 
mL cups received 750 mL of distilled water and 30 woodchips. The proportion of 
treated: control (i.e., untreated) chips in each cup (0:30, 2:28, 5:25, 10:20, 20:10, 
30:0) was altered to vary the dose of Okoumal while controlling for woodchip 





treated: control woodchips in these experiments will yield the following 
concentrations: 0mg/L, 72 mg/L, 180 mg/L, 360 mg/L, 720 mg/L, and 1080 mg/L.  
Each cup was randomly assigned a concentration, with fourteen replicate cups 
for concentrations 0mg/L, 72 mg/L, 180 mg/L, 360 mg/L, 720 mg/L, and eight 
replicates for concentration 1080 mg/L. All cups were provisioned with 1 mg of 1:1 
bovine liver and lactalbumin powder (diluted 1:10) and housed in an incubator at 
25°C and 16:8 h light-dark cycle. Lactalbumin powder was added into beakers in 
order to limit resource competition and mimic field conditions. Two days after the 
cups were set up, newly hatched larvae were added. Ae. aegypti eggs were sourced 
from F1-2 colonies in the Leisnham Lab at the University of Maryland and were 
hatched in nutrient broth solutions. 
Within 24 hours, 20 first instar larvae were randomly assigned to half of the 
replicate cups of each Okoumal concentration cup. After 14 days, newly hatched 
larvae were added to the second half of the cups to constitute a second run of the 
experiment that would test the effect of Okoumal after woodchips had soaked for two 
weeks. All cups were checked daily and pupae were removed from cups and placed 
into individual vials until they emerged into adults. Every seven days after the start of 
the experiment, 1 mg of 1:1 bovine liver and lactalbumin liver powder (diluted 1:10) 
were added to cups weekly to mimic regular nutrient additions to habitats in the field 
and limit resource competition. Once pupae emerged into adults, the date of 






Once pupae emerged into adults, the date of emergence was recorded and 
adults were dried (>24 h, 50 °C), sexed, and had their wing-lengths measured. For 
each cup, proportion survivorship, median female development time, and median 
female mass was calculated. These fitness parameters were used to calculate λ’, a 
composite index of population performance based on r’, which estimates the realized 
per capita rate of population change (dN/N dt = r, the exponential growth rate) for 
each replicate cohort (Livdahl and Sugihara, 1984): 
 
where N0 is the initial number of females (assumed to be 50% per cup), x is the 
median time to eclosion (measured in days), Ax is the median number of females 
eclosing on day x, wx is the median body size on day x, and f (wx) is a function 
describing size dependent fecundity for each species, estimated from the mean wing 
length on day x,wx of female mosquitoes (Livdahl and Sugihara 1984). The function 
for Ae. aegypti is f (wx) = (1/2)exp[4.5801 + 0.8926(lnwx)] – 1 (Grill and Juliano 
1996). D is the mean days it takes for an adult mosquito to mate, blood feed, and 
oviposit, and is estimated at 12 days for Ae. Aegypti (Grill and Juliano 1996).  
Keeping the numbers of woodchips constant across all doses controlled for 
any effects that woodchips themselves might have on the survival and development of 





any effect on larval to more accurately assess the impacts of Okoumal. Therefore, in 
addition to the trials above, we conducted a separate experiment to test for the effects 
of woodchips on Ae. aegypti survival and development. Eight replicate cups received 
20 newly hatched (<24 h) first-instar Ae. aegypti larvae and exposed to the same 
controlled conditions as in the trials above. However instead of receiving varying 
proportions of treated: control woodchips, 4 cups received 30 control (i.e., untreated) 
woodchips and 4 cups received no woodchips. After seven days, numbers of 
surviving larvae and the mean instar of survivors was calculated for each cup. I found 
no effect of woodchips on either the survival (t-test: t=-0.63, p=0.5504, df=6) or mean 
instar (t-test: t=-0.15, p=0.8890, df=6), suggesting that woodchips were an 
appropriate substrate for the dose-response trials. 
 
Statistical Analyses 
We tested the effect of Okoumal (0, 300, 600, 900 mg), soaking time 
(immediate, delayed), and their interaction on proportion survivorship (male and 
female separately), wing length (male and female separately), development time 
(male and female separately) using linear models with a Gaussian distribution with 
the PROC GLIMMIX procedure (SAS Institute 9.4, Cary, NC). λ’ did not meet 
normality or homogeneity of variances despite transformations; therefore, we tested 
for effects of Okoumal, soaking time, and their interaction using a randomization test 
(Cassell, 2011). In all models, dose was treated as categorical since preliminary data 
analysis saw a nonlinear relationship of each response with dose. Post hoc tests for 





correction for delayed and immediate soaking times. For all analyses, experiment-
wise α = 0.05. 
 
Results 
 There were significant main effects of both dose and soaking time, as well as 
significant interactions between dose and soaking time for λ’, female survivorship 
and male survivorship, female and male development time, and female body size 
(Tables 1 & 2, Figs 3 – 8). λ,’ male survivorship, and female survivorships all 
decreased with increasing Okoumal dose, especially when larval cohorts were 
exposed to Okoumal that had been recently added than Okoumal compared to 
Okoumal that had been sitting for two weeks (Figs. 3-5). Female and male 
development time was also longer in cups where Okoumal had been recently added at 
all by one Okoumal dose in which there were survivors (Figs. 6-7). Development 
time did not vary with Okoumal dose for either sex in cups in which Okoumal had 
been sitting (Table 2; Figs. 6-7). Female body size did not vary with Okoumal dose or 
sitting time, except at 180 mg/L, where it was lower for larval cohorts in cups where 
Okoumal had been recently added (Fig. 8). There was no effect of dose, sitting time, 
or their interactions for male body size (Table 2; Fig. 9). 
 
 
Discussion and Conclusions 
 
The cooccurrence of invasive mosquito species and human populations has 





this pestiferous species worldwide. Due to the importance of mosquitoes to public 
health, it is vital to study this vector in order to control and monitor its spread. There 
is a need for a synthetic chemical that is easily deployable and that can act as both an 
attractant and toxin to mosquito species. The results of this dose-response study 
clearly showed that higher Okoumal concentrations resulted in lower Ae. aegypti per 
capita rate of population change and survival, and longer development times. This 
study showed that Okoumal can act as an important toxin. 
Okoumal effects on Ae. aegypti larvae may be through both direct and non-
direct pathways. Okoumal may be directly lethal to larvae to negatively affect 
survival rates, or it might negatively affect survival indirectly by reducing microbial 
food resources. Likewise, Okoumal may indirectly have non-lethal effects on 
mosquito body size and development time, and selection for larvae that have specific 
genotypes, such as smaller individuals that develop more quickly. Possibly indirect 
effects include availability on microbial food. The availability of food can influence 
possible mechanisms by which Okoumal could affect different fitness parameters in 
unison. In this study, treatments with low survival rates had higher median body sizes 
and faster development times, suggesting that either surviving larvae had more food 
resources that promoted growth and development or that inherently larger and faster 
developing larvae were more likely to survive. Since Okoumal is a known toxin to 
aquatic organisms, I wanted to test the efficacy of it being a toxin to mosquito larvae 
(NCBI, 2020). However, if Okoumal were added to habitats in the field, it could 
impact non-target organisms. In order for Okoumal to be an effective toxin targeting 





urban areas that have known concentrations of mosquito larvae and no other 
organisms present. Okoumal should not be added to large bodies of water since there 
might be negative effects on non-target organisms.  
Okoumal effects on Ae. aegypti larvae may be through both direct and non-
direct pathways. Okoumal may be directly lethal to larvae to negatively affect 
survival rates, or it might negatively affect survival indirectly by reducing microbial 
food resources. Likewise, Okoumal may indirectly have non-lethal effects on 
mosquito body size and development time, and selection for individuals that have 
specific genotypes (smaller mosquitoes developed quicker). Indirect effects included 
availability on microbial food. The availability of food can influence possible 
mechanisms by which Okoumal could affect different fitness parameters such as 
survival, body size, development time, and λ’. Treatments with low survival rates had 
higher median body size and faster development times. Since Okoumal is a known 
toxin to aquatic organisms, I wanted to test the efficacy of it being a toxin to 
mosquito larvae (NCBI, 2020). However, if Okoumal were added to habitats in the 
field, it could impact non-target organisms. In order for Okoumal to be an effective 
toxin targeting only mosquito larvae, it would need to be added to artificial container 
habitats in urban areas that have known concentrations of mosquito larvae and no 
other organisms present. Okoumal should not be added to large bodies of water since 
there might be negative effects on non-target organisms.  
There was not a significant main effect based on dose for male body size. In 
this laboratory experiment, the mean λ’was over 1.0, which indicates that there was a 





steeply declined to zero from 360 to 1080 mg/L of Okoumal (Fig. 9). This result 
combined with the strong association between Ae. aegypti and Okoumal 
concentrations in the laboratory, suggests that Ae. aegypti is likely to be negatively 
affected by Okoumal under many field conditions. Variations in λ’of Ae. aegypti as a 
result of Okoumal doses appears to be primarily driven by survival. Interestingly, 
however, despite a steep decline in mean Ae. aegypti survival from 180 mg/L and 
1080 mg/L of Okoumal, Ae. aegypti λ’ remained unchanged (Fig. 3; Fig. 4). This 
result was probably due to a small increase in female and male body size from 72 to 
180 mg/L of Okoumal (Fig. 7; Fig. 8).  
Previous studies looking at the toxicological effects of compounds to 
mosquito species typically look at survival which gives limited inference on 
population performance for multiple generations. By calculating the finite rate of 
population change (λ’), the population performance of mosquito populations can be 
estimated from laboratory experiments. λ’ incorporates survivorship, development 
time, and fecundity, and is superior to only looking at survivorship when determining 
population-level effects of environmental conditions on species. Although there were 
similar relationships of Okoumal dose and soaking time with both Ae. aegypti λ’ and 
female survival in my study here, prior studies investigating have shown varying 
conclusions for these two variables, reiterating the importance of calculating λ’ in 
order to better understand environmental impacts on populations (Livdahl & 
Sugihara, 1984). Since λ’ accounts for non-linear interactions between body size, 





performance compared to investigating each of these fitness parameters individually 
(Livdahl & Sugihara, 1984; Villena et al., 2017). 
Moreover, the body size of emerging adult females is an important parameter 
to investigate in addition to survival since the adult life-stage is of public health 
importance and body size has been shown to affect a female mosquito’s vectorial 
capacity. For example, a recent study has shown that smaller female Aedes 
mosquitoes have a reduced likelihood of transmitting dengue virus since they have a 
shorter lifespan and live out the incubation period to be infectious (Juliano et al., 
2014). For many adult mosquito species, a larger adult body size is also related to the 
survival and dispersal, which are two additional attributes that likely affect disease 
dynamics (Hawley, 1985; Briegel & Timmermann, 2001; Smith et al., 2012; LaDeau 
et al., 2015).  
The results of this study suggest that with higher doses of Okoumal, body size 
decreases which may alter disease transmission since smaller females were produced 
and do not transmit diseases as effectively as larger mosquitoes. Since Okoumal 
seems to be an effective toxin to Ae. aegypti larvae, there could be a potential for it to 
be used in “bait and kill” traps. In Chapter 2, I tested the efficacy of Okoumal as an 
attractant to gravid female Aedes mosquitoes using both field and laboratory trials. 
However, from this trial conducted in Chapter 2, I did not see any effect of Okoumal 
as an attractant to Aedes mosquitoes. Due to the lack of an attractancy effect of 
Okoumal, it is not appropriate to be used in a “bait and kill” trap, even though it is 
toxic to Aedes larvae. Although Okoumal was a toxin to mosquito larvae, it may have 





Okoumal, it might not be effective in “bait and kill” traps since the efficacy of it as a 
toxin also degrades over time. Other materials need to be investigated that can act as 
both an attractant and toxin to mosquitoes to aid in mosquito control and surveillance.  
Plant infusions are commonly used in oviposition traps in order to enhance the 
attractancy effect of the trap (Silver, 2008). There is a potential for Okoumal to be 
added to oviposition traps baited with plant infusion to act as an effective “bait and 
kill” trap. However, plant infusions are messy and require maintenance, so there is a 
need to find a synthetic material that can be used in a “bait and kill” trap (Silver, 
2008). Prior studies have investigated the potential of natural toxins to be used in 
“bait and kill” traps which could be a potential substitute for Okoumal.  
A study conducted by Carrieri et al. (2009) investigated the use of a known 
mosquito larval toxin, Bacillus thurungiensis var. israelensis (Bti) in oviposition 
traps. From this study, they saw that Bti was an attractant to ovipositing Ae. 
albopictus mosquitoes and was also acting as a toxin to the offspring larvae (Carrieri 
et al., 2009). This study also saw that Bti (B14) baited oviposition traps collected 
about 17.4% more eggs compared to the control traps used in the study (Carrieri et 
al., 2009). Bti could potentially be used in “bait and kill” traps because it is not a 
toxin to humans, deeming it potentially safer than other insecticides and larvicides 
that are used in mosquito control (WHO, 2009). A study conducted by Ponnusamy et 
al. (2008) found that cues associated with microorganisms found in plant infusions 
directed gravid Ae. aegypti to deposit more than 90% of their eggs into the ovitraps 





Although Bti can potentially be used in “bait and kill” traps, it may be difficult 
for mosquito control agencies to use in developing countries since it is expensive to 
implement (Federici et al., 2003). Another mosquito larvae toxin that has been 
investigated by researchers is Spinosad, an insecticide based on chemicals found in 
the bacterial species Saccharopolyspora spinosa (Thomposon et al., 2000). Spinosad 
is an insecticide that is naturally derived (Perez et al., 2007). A study conducted by 
Perez et al. (2007) saw that there was a weak but significant attractancy effect of 
Spinosad for gravid Ae. aegypti at a concentration of 20 ppm but not at 5 ppm.  
Future studies can investigate compounds similar to Okoumal to be used in 
“bait and kill” traps. For example, the chemical compounds Versalide and Phantolide 
have similar molecular weights and chemical structures to Okoumal and could be 
tested to see whether it is an attractant to female mosquitoes (NCBI, 2020). In 
addition to testing other synthetic chemicals similar to Okoumal, future studies should 
look at investigating other species of mosquitoes since I only investigated Ae. aegypti 
larvae in this study. In addition to testing different species, future studies can 
complement the laboratory trials with field trials to see whether there is an effect in 
field conditions.  
To our understanding, this is the first study to test the effects of Okoumal on 
the population performance of mosquitoes. The goal of this study was to test the 
efficacy of Okoumal to act as a toxin to Ae. aegypti mosquito larvae, and I saw that 
with an increasing dose of Okoumal, there was a decrease in both male and female 
survivorship, indicating that Okoumal was a toxin to larvae. From this study, I was 





survivorship. I also saw that with higher doses of Okoumal, female body size 
decreased which is important since smaller females are less likely to transmit diseases 
(Hawley, 1985; Briegel & Timmermann, 2001; Smith et al., 2012; LaDeau et al., 
2015). Although Okoumal was a toxin to larvae, there is still a need to find a 
synthetic attractant to be used in a “bait and kill” trap to enhance mosquito control 
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Table 1.  Least squares linear models for estimated finite rate of increase and proportion survivorship of female and male Ae. aegypti 
in response to the independent variables Okoumal dose and the time. 
 
  
  Estimated finite rate of 
increase, λ’ 
  Survivorship 
      Female   Male 
Source df F P   df F P   df F P 
Okoumal dose 5, 62 15162.8 <0.0001   5, 62 39.26 <0.0001   5, 60 39.07 <0.0001 
 Soaking time   1, 62   20066.7   <0.0001     1, 62   66.56   <0.0001    1, 60   28.97   <0.0001 
Okoumal 
dose*Exposure 





Table 2. Least squares linear models for development time and wing length of female and male Ae. aegypti in response to the 











 Development Time  Body Size 
 Female  Male  Female  Male 
Source df F P  df F P  df F P  df F P 
Okoumal dose 4, 46  9.74 <0.0001  4, 43 19.97 <0.0001  4, 46 11.26 <0.0001  4, 43 0.88 0.4858 
Soaking time 1, 46 54.95 <0.0001  1, 43 130.57 <0.0001  1, 46 44.98 <0.0001  1, 43 1.59 0.2141 





List of Figures 
1. Figure 1: Treated Okoumal-soaked teak woodchips used in laboratory dose-
response trials.  
2. Figure 2: Cups filled with 750 ml distilled water, 20 Ae. aegypti larvae, 
lactalbumin larval food, and Okoumal teak woodchips.  
3. Figure 3. Mean ± SE Ae. aegypti per capita rate of population change to 
varying concentrations of Okoumal (immediate and delayed addition of 
larvae). Inset graph shows the variation among Okoumal concentrations 0 to 
720 mg/L. Markers that do not share the same letter show significant 
differences (P<0.05). Lowercase letters denote differences for immediate 
addition of larvae and uppercase letters denote differences for delayed 
addition of larvae. 
4. Figure 4: Mean ± SE Ae. aegypti female survivorship exposed to varying 
concentrations of Okoumal (immediate and delayed addition of larvae) in 
dose-response laboratory experiments. Markers that do not share the same 
letter show significant differences (P<0.05). Lowercase letters denote 
differences for immediate addition of larvae and uppercase letters denote 
differences for delayed addition of larvae. 
5. Figure 5: Mean ± SE Ae. aegypti male survivorship exposed to varying 
concentrations of Okoumal (immediate and delayed addition of larvae) in 
dose-response laboratory experiments. Markers that do not share the same 





differences for immediate addition of larvae and uppercase letters denote 
differences for delayed addition of larvae. 
6. Figure 6: Mean ± SE Ae. aegypti female development time exposed to 
varying concentrations of Okoumal (immediate and delayed addition of 
larvae) in dose-response laboratory experiments. Markers that do not share the 
same letter show significant differences (P<0.05). Lowercase letters denote 
differences for immediate addition of larvae and uppercase letters denote 
differences for delayed addition of larvae. 
7. Figure 7: Mean ± SE Ae. aegypti male development time exposed to varying 
concentrations of Okoumal (immediate and delayed addition of larvae) in 
dose-response laboratory experiments. Markers that do not share the same 
letter show significant differences (P<0.05). Lowercase letters denote 
differences for immediate addition of larvae and uppercase letters denote 
differences for delayed addition of larvae. 
8. Figure 8: Mean ± SE Ae. aegypti female body size exposed to varying 
concentrations of Okoumal (immediate and delayed addition of larvae) in 
dose-response laboratory experiments. Markers that do not share the same 
letter show significant differences (P<0.05). Lowercase letters denote 
differences for immediate addition of larvae and uppercase letters denote 
differences for delayed addition of larvae. 
9. Figure 9: Mean ± SE Ae. aegypti male body size exposed to varying 
concentrations of Okoumal (immediate and delayed addition of larvae) in 





letter show significant differences (P<0.05). Lowercase letters denote 
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Chapter 4: General Conclusions 
In this study, my aim was to contribute to the scientific understanding of 
chemicals that potentially could aid mosquito control agencies with management 
strategies. The USDA recently patented a chemical compound called [2,4-Dimethyl-
2-(5,5,8,8-tetramethyl-6,7-dihydronaphthalen-2-yl)-1,3-dioxolane], commonly called 
Okoumal, as a mosquito attractant (USPTO, 2016). Okoumal has shown to be an 
attractant to host-seeking Aedes aegypti mosquitoes in laboratory trials and an 
attractant to gravid Aedes females in field trials (USPTO, 2016; Saunders & 
Leisnham, 2018). For my thesis work, I wanted to further test the efficacy of 
Okoumal as being an attractant to gravid Aedes mosquitoes as well as being a toxin to 
Ae. aegypti larvae.  
In chapter two, I investigated the attractancy of Okoumal to gravid Aedes 
albopictus females at two different spatial scales in both a laboratory oviposition 
choice assay and a dose-response field study but found little evidence that oviposition 
activity increased compared to control treatments. The lack of attractancy of Okoumal 
in both the choice assay and field experiment is likely underpinned by the interaction 
of the compound with the olfactory physiology of Ae. albopictus. Volatiles, such as 
semiochemicals, need to come in contact with specialized olfactory receptors (ORs) 
in order to elicit mosquito behavior (Leal et al., 2013; Wooding et al., 2020). 
Mosquitoes use olfactory receptor neurons (ORN) to detect attractants (Leal et al., 
2013; Choo et al., 2018). The lack of attractancy could be that there was not enough 
Okoumal compound triggering the ORN or there could have been too much 





attractancy of the compound experienced when the mosquito was further away (Leal 
et al., 2013). In addition, maybe there was too much Okoumal triggering the ORN 
that elicited a repellency effect and offset attractancy (Hao et al., 2013; Ong et al., 
2015; Choo et al., 2018). Our findings are consistent with those in other studies that 
have found weaker or opposite effects of compounds at higher doses (Hao et al., 
2013; Ong & Jaal, 2015). For example, one study found that caproic acid, a known 
mosquito oviposition pheromone, attracted more gravid mosquitoes at 1 ppm (OAI= 
0.32) compared to the control and the higher treatment dose of 100 ppm (OAI= 0.09) 
(Ong & Jaal, 2015). The specific biological mechanisms for weak attractancy or 
repellency of insects to compounds at higher doses is poorly understood but is 
thought to be related to an oversaturation of chemoreceptors resulting in a threshold 
effect (Hao et al., 2013).  
In chapter three, I investigated the potential of Okoumal as an effective toxin 
to Ae. aegypti mosquito larvae. The results of my thesis work indicate early promise 
that Okoumal may be an effective toxin to Ae. aegypti mosquito larvae. Okoumal had 
both direct and indirect toxicity effects on Ae. aegypti larvae. Okoumal had direct 
lethality effects impacting larval survival rates, non-lethal effects on mosquito body 
size and development time, and selection for individuals that have specific genotypes 
(smaller mosquitoes developed quicker). Indirect effects included availability on 
microbial food. The larvae that did survive were larger and developed more quickly. 
The results of chapter three suggest that with higher doses of Okoumal, body size 
decreases which may alter disease transmission since smaller females were produced 





was a toxin to mosquito larvae, it is possible it degraded over time due to 
volatilization effects. Due to the potential bacterial degradation and volatilization 
effected, Okoumal did not work as effectively when soaking in an environment for a 
longer period of time. Other materials need to be investigated that can act as both an  
attractant and toxin to mosquitoes to aid in mosquito control and surveillance.  
Through the research I conducted, Okoumal may not be effective to be used in 
“bait and kill” traps. My thesis work findings might inform control since agencies 
could potentially add Okoumal to artificial container habitats that are known to have 
mosquito larvae concentrations. Control agencies will need to ensure that the 
containers they place Okoumal, or another chemical compound similar to it, is where 
the majority of ovipositing females are located. This is important since there is a 
connection between individual mosquito habitats and regional populations. Many 
control strategies call for an “all out” campaign where all aquatic habitats are treated 
with larvicides, but this can be difficult for resource-deprived communities to 
implement (Gu et al., 2008). Some mosquito container habitats may be inaccessible 
or cryptic to locate which can make control challenging.  
Studies, however, have shown that not all mosquito habitats need to be treated 
in order for relative abundances in an area to decline (Gu et al., 2008; Bayoh et al., 
2010). For example, a study in Kenya investigated the relationship between the 
abundance of Anopheles mosquitoes and insecticide-treated bed nets and concluded 
that if a high proportion of households in a community have permethrin-treated bed 
nets, the abundances of Anopheles declines (Bayoh et al., 2010). Researchers from 





Another case study conducted in University Park, Maryland, using citizen science 
techniques, investigated the relationship between the use of gravid autocidal traps in 
residential yards and abundances of Ae. albopictus mosquitoes (Johnson et al., 2018). 
This study concluded that the threshold to have abundances of Ae. albopictus to 
decrease is to have about 80% of residents participate in order to achieve significant 
control (Johnson et al., 2018). 
Since Okoumal is toxic to aquatic organisms, it should not be added to major 
waterways since it could have negative effects on non-target organisms (National 
Center for Biotechnology Information, 2020). Since Okoumal is not effective as an 
attractant, it can be paired with other known attractants, such as plant infusion. By 
pairing Okoumal with plant infusion in an oviposition trap, researchers would be able 
to attract gravid females to the trap and kill offspring larvae that hatch from collected 
eggs. This can be a useful strategy for mosquito control because using plant infusion 
in water only attracts gravid females and does not act as a toxin but with adding 
Okoumal to the trap, it would easily kill the offspring mosquito larvae. My results 
suggest that Okoumal is not an effective attractant to gravid female mosquitoes but is 
an effective toxin to mosquito larvae. Future research can investigate other synthetic 
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